This report describes an ontology data service (ODS) for supporting Search and Rescue (SaR) operations. The ontological model represents various aspects of the command, communication, and organisational structure of the SaR forces and the deployment and progress of a SaR operation. Furthermore, the ontology supports the semantic indexing of multimedia documents in the context of SaR processes and activities. This ODS supports a semantically-enhanced information and communication system for SaR forces. Modelling the spatio-temporal aspects of an operation in alignment with possibly-unreliable information automatically extracted from multimedia objects, introduces a number of challenges for the field of knowledge representation and reasoning.
Introduction
Search-and-rescue (SaR) operations are conducted by fire-brigade, rescue and medical units, operating under a complex unified command-and-communications structure. Currently, the communication channels of the emergency units are simple push-to-talk walkie-talkies and short written messages (Message Forms) that are written by hand and/or read over the radio. All status information, reporting and documentation for decision making is processed manually.
The work presented here is done in the framework of the SHARE project, which develops a push-to-share (PTS) advanced mobile service to provide communication support for emergency operations. The PTS system will integrate the current oral and written communication systems and will, in addition, allow the sharing of video documents. It will also support the decision-making process by making all relevant information and documents easily retrievable by means of semantic tagging and searching.
We describe here an Ontology Data Service (ODS) that supports the PTS system with the means to enhance the communications between emergency units and improve (not only quantitatively but also qualitatively) the information available for the decision-making process at all command levels of the operation. In more concrete terms, the ODS:
• represents the operational, geographical, and command-and-communication aspects of the operation structure;
• follows the progress of the operation and provides up-to-date operation status information;
• provides detailed and easily accessible information about the theatre of the operation;
• represents and semantically inter-connects meta-data of text, audio, and video documents created and transmitted during the operation.
Furthermore, the information stored in the ODS serves as a complete log of the operation for the purposes of evaluation. Although several multimedia semantic modelling and spatio-temporal modelling ontologies have been proposed (see Sect. 3 for a brief overview), there is no unifying approach of the two. In this report we propose a model for the semantic indexing of multimedia objects in the context of processes and activities. This model will not only unify these two aspects of a SaR operation, but it will also allow for the semantic cross-checking of possibly-unreliable information automatically extracted from multimedia objects.
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Ontologies and Description Logics
The term ontology is often used in the areas of Knowledge Representation, Artificial Intelligence and the Semantic Web as a way of structuring and representing knowledge. In other words, ontologies offer the means to represent information in a computational formalism which allows to organise this information in a conceptual hierarchy and semantically cross-link it.
Ontology-related technology can be broken down into (a) formalisms for representing the structure, data, and axioms of the ontology; and (b) reasoning engines that provide the logical operators necessary to deduce implicit data. These two are, of course, closely inter-dependent as the reasoner must be able to act upon the structures provided by the representation formalism and the latter must be able to represent the structures required by the former.
Ontological Structure
The elementary pieces of data stored in an ontology-corresponding to the individuals of the domain of discourse-are called instances.
An ontology organises instances in a conceptual hierarchy, where each concept (sometimes also called class or frame) groups together a set of conceptually similar instances. Concepts-and their similarity or dissimarity-are defined by the properties that their member instances must have.
These properties characterise instances in one of two ways: data properties (or attributes) link the instance with an atomic value, like a number or a string. Examples of data properties for an instance of the class person would be 'height' and 'name'. Object properties, on the other hand, link an instance with another instance. An example of an object property (or relation, as they are sometimes called) would be 'father-of,' linking two instances of person.
As we have already mentioned, concepts are organised in a hierarchy where more generic concepts (i.e., concepts requiring fewer properties from their members) subsume more specific ones. Properties are inherited from more generic concepts, so that the instances of each concept carry not only the properties required by the concept they instantiate, but also all of its super-concepts.
Ontology Representation

RDF and RDFS
The Resource Description Framework (RDF) [1, 2, 3] is developed by W3C as generic knowledge representation mechanism for constructing logical languages for machine-readable representations of meta-data. RDF facilitates the interoperability of applications which generate and process meta-data and is an essential element of the logical infrastructure of the semantic web.
RDF resources correspond to ontological instances: they are the individual objects that are being defined through their properties. Some resources are designated as RDF properties. RDF statements are triplets where the first element (subject) is a resource, the second (predicate) is a property and the third (object) is either a string or another resource. It is immediately obvious that statements form relationships between a resource and a value or between teo resources, and thus directly correspond to assigning values to the data and object properties of an instance in an ontology.
Since RDF properties are simply resources, the RDF model provides no mechanism for declaring properties, nor does it provide any mechanisms for defining the relationships between these properties and other resources. That is the role of RDF Schema (RDFS) [4, 5] .
A schema defines the properties available (e.g., title, author) but may also define the kinds of resources that may be described by each resource (e.g. book, article). Thus, RDFS also introduces the notion of classes of resources and the mechanism for imposing restrictions on the possible combinations of classes and relationships.
RDFS restrictions are themselves exressed in terms of the basic RDF data model-as resources and properties. Thus, the resources constituting the schema become part of the RDF model of any description that uses them. The schema specification language is a declarative representation language influenced by ideas from knowledge representation (e.g., semantic nets, frames, predicate logic) as well as database schema specification languages and graph data models.
Limitations of RDFS
RDFS allows the representation of some ontological knowledge, but the main modelling primitives of RDFS concern the organisation of vocabularies in typed hierarchies: subclass and sub-property relationships, domain and range restrictions. However, a number of key features are missing [6] :
• Local scope of properties: RDFS can restrict the domain and range of a property, but not on a class-by-class basis. For example, we cannot say that cows eat only plants, while other animals may eat meat, too.
• Class relationships: the only relationship between classes in RDFS is class subsumption. Interesting relationships like disjointness, union, intersection and complementisation are missing.
• Cardinality restrictions: Sometimes we wish to place restrictions on how many distinct values a property may or must take. For example, we would like to say that a person has exactly two parents, and that a course is taught by at least one lecturer.
• Special characteristics of properties: Sometimes it is useful to say that a property is transitive (like 'greater-than'), functional (like 'is-mother-of'), or the inverse of another property (like 'eats' and 'is-eaten-by').
So we need an ontology language that is richer than RDFS, a language that offers these features and more. In designing such a language one should be aware of the trade off between expressive power and efficient reasoning. The Web Ontology Language (OWL) was developed by W3C as hierarchy of three sublanguages, geared towards ontology representation, and each making a different compromise between expressive power and efficiency of reasoning: OWL Full, OWL DL and OWL Lite.
OWL Full
The complete language is called OWL Full, and it uses all the OWL languages primitives. It also allows to combine these primitives in arbitrary ways with RDF and RDF Schema. This includes the possibility (also present in RDF) to change the meaning of the predefined (RDF or OWL) primitives, by applying the language primitives to each other. For example, in OWL Full we could impose a cardinality constraint on the class of all classes, essentially limiting the number of classes that can be described in any ontology. The advantage of OWL Full is that it is fully upwards compatible with RDF, both syntactically and semantically: any legal RDF document is also a legal OWL Full document, and any valid RDF(S) conclusion is also a valid OWL Full conclusion. The disadvantage of OWL Full is that it is computationally undecidable.
OWL DL
Trading off descriptive power for computational efficiency, OWL DL (short for Description Logics) is a sub-language of OWL Full which restricts the way in which the constructors from OWL and RDF can be used. The restriction roughly amounts to disallowing the application of OWL constructors to each other, and thus ensuring that the language corresponds to a description logic. The advantage of this is that it permits efficient reasoning support. The disadvantage is that we loose full compatibility with RDF: an RDF document will in general have to be extended in some ways and restricted in others before it is a legal OWL DL document. Conversely, however, every legal OWL DL document is still a legal RDF document.
OWL Lite
An ever further restriction limits OWL DL to a subset of the language constructors. For example, OWL Lite excludes enumerated classes, disjoint statements and cardinality constraints other than 0 or 1. The advantage of this is a language that is easier to implement and more efficient to reason over. The disadvantage is, of course, its restricted expressiveness.
Reasoning and Description Logics
As already mentioned, the representation of an ontology is closely coupled with a reasoning facility that will deduce implicit knowledge from the data and the axioms (i.e., assertions) that the data must satisfy. These axioms represent general knowledge about the application domain and can be used in a variety of ways, like, for example, automatically classifying new instances according to their properties.
More specifically to OWL DL, and the name itself suggests, OWL DL is structured according to the principles of Description Logics [7, 8] . Description Logics (DLs) are logic formalisms for representing-and reasoning overknowledge. Description Logics evolved out of earlier formalisms, such as semantic networks [9] and frames [10] .
DL formalisms represent concepts as nodes and relationships as links between them. Particularly prominent is the subsumption relationship, that hierarchically structures the concepts and provides the basis for the inheritance of properties. In other words, when a concept is more specific than some other concept, it inherits the properties (relationships) of the more general one.
Concepts are given a set-theoretic interpretation: a concept is interpreted as a set of individuals and relationships are interpreted as sets of pairs of individuals. The domain of interpretation can be chosen arbitrarily and it can be infinite. The non-finiteness of the domain and the open-world assumption are distinguishing features of DL with respect to the modelling languages developed in the study of databases. As for the DL syntax, there are two disjoint alphabets of symbols that are used to denote (a) atomic concepts, designated by unary predicate symbols, and (b) atomic rôles, designated by binary predicate symbols and utilised to express relationships between concepts. The basic operators of DL are conjunction, disjunction, negation, existential quantification, value restriction and number restriction.
A DL knowledge base typically comprises two components: the TBox and the ABox. The TBox contains the terminology of the domain in the form of declarations that describe general properties of concepts. The basic reasoning service of the TBox is subsumption, which is used to (a) check that a concept does not necessarily denote the empty concept (satisfiability) and (b) classify new concept expressions in the proper place in a taxonomic hierarchy of concepts.
The ABox contains factual knowledge regarding the particular problem at hand and is specific to the individuals of the domain of discourse. The basic reasoning service of an ABox is instance checking, which decides whether a given individual is an instance of a specified concept. Instance checking is the underlying operator under a number of facilities, like consistency checking (i.e., verifying whether every concept in the knowledge base admits at least one individual) and realisation (i.e., identifying the most specific concept an individual is an instance of, based on the individual's properties).
Related Ontologies
Ontological resources that are relevant to our SaR ontology are both general purpose ontologies and related domain ontologies.
General purpose ontologies are ontologies of generic concepts (for example, space, time, material, event, or action) that can be directly incorporated in an application-specific ontology. An important initiative towards this direction is the Standard Upper Ontology Working Group of IEEE.
Domain ontologies and task ontologies describe the vocabulary for a generic domain (like biology or medicine), task, or activity (such as selling) by means of specialised terms. They can be used as a basis which can be expanded and specified into an application-specific ontology.
General-Purpose Space and Time Ontologies
Various general-purpose space, time, and spatio-temporal ontologies have been proposed, which can be directly plugged in an existing ontology to allow it to refer to spatio-temporal concepts. They are, generally speaking, part of a more complete concept and interface specification that aims to enhance interoperability between databases and applications that make geographic and temporal references. The International Organisation for Standardisation (ISO) has published a set of standards, 1 aiming to enhance interoperability in expressing geo-semantics. They specify the conceptual and logical data model and the exchange format for geographic data bases. The Open Geospatial Consortium 2 developed OpenGIS, a specification for geographic data representation and interchange that renders complex spatial information and services accessible by all kinds of applications.
Geospatial ontologies also take into account the temporal factor of geosemantics. For example, ISO 19108:2002 defines concepts for describing temporal characteristics of geographic information and provides a basis for defining temporal feature attributes, feature operations, and feature associations, and for defining the temporal aspects of geographic meta-data.
Nevertheless, there are also some initiatives, which focus only on the temporal factor and are not concerned with spatial information. OWL-Time 3 (formerly DAML-Time) is an ontology for describing the temporal content of Web pages and the temporal properties of Web services. The TimeML 4 project aims at developing a robust specification language for events and temporal expressions in natural language.
The Semantic Web Services arm of the DAML program developed an OWLbased Web Service Ontology, OWL-S 5 (formerly DAML-S) that supplies Web service providers with a core set of markup language constructs for describing the properties and capabilities of their Web services in unambiguous, computerinterpretable form. OWL-S includes, among a whole series of ontologies, a Time ontology intended to support the temporal aspect of the description of a process.
Related Domain-Specific Ontologies
An ontology of place names and absolute geo-references is used by the SPIRIT 6 project, engaged in the design and implementation of a search engine to find documents and datasets on the web relating to places or regions referred to in a query [11] . A simpler partology of place-names is the Thesaurus of Geographic Names of the Getty Institute, which lacks the overlap and adjacency relationships included in the SPIRIT ontology.
Apart from spatial ontologies, semantic indexing of multimedia objects is a particularly active research field, especially in the context of the Semantic Web. Thematic networks, like OntoWeb 7 and KnowledgeWeb 8 , develop standards, infrastructure and ontologies for the semantic annotation of web multimedia objects. The aceMedia project [12] researches the discovery of knowledge from multimedia data and the extraction of meta-data based on ontologies.
Finally, in the domain of structure and process representation, the Enterprise Ontology [13] is aimed at large corporations with complex structures and business plans. The ontology interconnects activities and actions with agents (people or units) capable of performing them, agents actually assigned to perform them, the resources required for their completion, and the expected output. Even more closely related to SaR operations is the CoSAR-TS project 9 , which aims at the semantic modelling of military SaR operations. CoSAR-TS is based on the <I-N-OVA> 10 model, which represents plans as a set of constraints on the behaviours possible. The Search-and-Rescue Ontology Data Service Search-and-rescue operations (SaR) are conducted by fire-brigade, rescue and medical units, operating under a unified command-and-communications structure. Emergency forces use half-duplex channel walkie-talkie technology for simple push-to-talk voice communication. Furthermore they exchange short written messages (message forms) that are typically hand-written and/or read over the radio. All status information, reporting and documentation for decision making is processed manually.
We describe here an Ontology Data Service (ODS) in the framework of the SHARE project (see also Sect. 1.1), which is developing an advanced mobile communication service for emergency teams. The new communication service replaces the push-to-talk voice communication and the written message forms with a push-to-share (PTS) system that supports the transmission of audio, video and digital message forms. The new system integrates the PTS communications system with the ontologically-indexed data service, supporting the decision-making process by making all relevant information and documents easily retrievable by means of semantic indexing and searching.
SaR Operations
The various emergency units participating in SaR operations operate under a unified command-and-communications structure and are deployed in sections (B-Level deployments) and subsections (C-Level deployments). Deployments have three aspects: (a) an operational aspect, e.g. fire-fighting, first-aid, water supply, etc., (b) a geographical aspect, that is, the area they are responsible for, and (c) a command-and-communication structure aspect, since the communications rules depend on the section and subsection that each unit is deployed in.
In addition to the B and C-Level units, a full operation establishes (at the site of the operation) an A-Level command and control centre which includes the officer-in-change of the operation, a staff of four or six (depending on the size of the operation) A-Level personnel, a dispatcher (responsible for the communications between the A-Level personnel and the B and C-Level leaders) and The various units and the command and control centre communicate between themselves according to a set of rules which establish paths that must be followed by all forms of communication: audio and video transmissions and written Message Forms.
Finally, current practice during emergency operations dictates that all communications data is logged to generate protocols and to analyse the actions of the rescue team after the operation. SHARE will provide technology to take advantage of this data during the operation as well as for its later evaluation.
The Ontology Data Service
The new SHARE data service provides rescue operations with sophisticated multimodal interaction and on-line access to data services providing up-to-date operation status information, as well as details concerning aspects of the emergency, such as location and environment. The SHARE Ontology Data Service (ODS, Fig. 4.2) is an intelligent storage, indexing and retrieval mechanism for ontology entities that correspond to meta-data for documents created and transmitted during an operation, spatial and temporal information pertaining to the operation, and information regarding the structure of the operation (command and formation structure, vehicles and other equipment employed, etc).
All relevant information is stored in an application-specific ontology and accessed through the ODS interface, which offers functions for populating and querying 1 the ontology through a Web Service (complying to the W3C SOAP [14] messaging recommendation). The web service uses the Protégé 3.1 library to manipulate an OWL representation of the ontology.
ODS incorporates a reasoning engine (currently Jena 2 ) which provides the 
Ontological Model
The ontological model of the operation organises the concepts that are relevant to it into three ontologies: the SaR, multimedia and event ontologies. In addition, there are two auxiliary ontologies (for time and space concepts) that represent the spatio-temporal references made by the three main ones. (See Fig. 4.3 for an overview of the top-level concepts.)
SaR conceptual model
The SaR ontology holds the concepts that are related to the Search and Rescue operation, the personnel involved, and the communications system. SaR concepts are subsumed under the SaR Thing concept. These concepts are: Deployment, Personnel, Operational Role, Equipment, Unit, Vehicle Thing, Station, DMFbox and PTS Thing.
The Deployment concept subsumes the A, B, and C-Level deployments that make up the operation, connected in a partology. Furthermore, deployments are linked to Operational Roles they require (e.g. their deployment leaders) and the Units they comprise. Operational roles are filled with instances of Personnel, and the appropriate restrictions are placed on the personnel qualifications required for assuming each role.
Vehicle Thing subsumes Vehicles and Trailers. Vehicle instances are linked with the unit they belong to and trailer instances to the vehicle they are attached to. Vehicles and trailers are also linked to the Station they were dispatched from.
Equipment instances are attached to Vehicle or Personnel instances, depending to their sub-class (e.g. IR cameras are attached to vehicles, but communication devices to personnel).
PTS communication devices, in particular, are attached to a PTS User, a 'persona' that personnel members assume in the PTS system. A PTS User is part of a PTS Group, the latter co-relating to the deployment structure, but not immediately mapping to it as the group owner can invite users into the group if necessary. Finally, the written Message Forms are replaced by Digital Message Forms (DMF). DMF messages are represented by DMFmsg instances and are sent to and from DMFbox instances. The latter are related to operation roles (e.g. the DMF box of the leader of Section B, Subsection 1) and hold references to incoming and outgoing DMFmsg instances.
Multimedia conceptual model
The Multimedia sub-ontology holds meta-data from all documents (text messages, audio, video, and infrared video) generated and transmitted during a SaR operation. All documents are related to the instance of Equipment (and, thus, Role and Personnel) that created them, and to the Time Point of their creation. They are also linked with the PTS Session within which they were transmitted.
Text messages are represented by a DmfMessage instance, connected with an outgoing DMFbox instance and a number of incoming DMFbox instances.
Audio and video is transmitted via the communications system. They are broken into Document Segment instances (with the appropriate 'part-of' relations), each segment corresponding to a turn at the floor of a PTS session. They are also semantically co-related to other parts of the ontology (Event or SaR Thing instances) to represent information retrieved by processing the audio and video files.
Time and Event conceptual model
One of the system's priorities is to store spatio-temporal data about the evolution of the SaR operation. In order to support this priority a Time Thing ontology is included, allowing references to Time Point and Time Period instances.
This temporal ontology is used both directly (e.g. by PTS sessions to mark the time span they are covering) and through an Event ontology. Events relate a temporal instance with some other characteristic or instance of the operation. For example, a Manpower Report Event instance relates a Time Point with the manpower at that time. Action events, in particular, relate temporal instances with an agent (e.g. a PTS User instance), an object (e.g. a PTS Session), and other action-specific properties (e.g., for session participation events, floor time).
Space conceptual model
The space conceptual model serves two purposes: it allows references to abstract points, lines and areas on the map, and it represents the actual geographical features (buildings, streets, etc) present in the theatre of the operation.
The Abstract Georeference concept subsumes the abstract Point, Line and Area concepts.
The Feature concept subsumes concepts like Building, Street etc. Features do not need to be atomic, but can be organised in a partology. Buildings, for example, are made up of Building Level instances, which in their turn include Exit instances (leading into streets) and Level Connection instances (leading to other levels of the building). In this manner, the ontology is able to represent access routes from one point of the map to another.
Both SaR Thing instances and geographical features represent their georeference as a relations with a geographical instance.
Ontology Instances
At initialisation time the ontology is populated with static data (the geographical objects of the digital maps and the roster of the fire department). During the operation, the client application which will implement the geographical data visualisation populates and updates the Knowledge Base with the annotations generated by the officers in the map client application. Finally, the position of vehicles that carry GPS is automatically updated.
The units deployed for each operation are known through the Presence Registration Server of the system. The structuring of the units into deployments and other A-Level decisions (like the geographical area and operational task each section and subsection is responsible for) are provided to the ontology by the application used by the A-Level Staff.
The communications system provides the relations between PTS clients and their organisation in PTS groups and sessions. These facts are co-related with the personnel and operation organisation. They are initialised when a new operation is set up, but PTS Groups might change during the operation.
The communications system stores DMF, audio and video transmissions on the file server and notifies the ODS. The semantic indexing services process these documents assign semantic tags to them. They rely on the ontology model for the terminology used in the semantic tagging.
Future Plans
We propose an ontological model that will unify SaR operation modelling with semantic annotation of documents, to offer an integrated ontological model for an operation and all documents pertaining to it. Furthermore, we are putting together a set of tools for using the ontology at an actual SaR operation. These tools include the Ontology Data Server for updating and accessing the semantic data and the reasoning facilities that will augment the original data with inferred facts.
At the current stage the ontological model and the ODS have reached a satisfactory level, with actual trials at SaR training operations pending. The training operations will not only test the ODS, but also provide realistic data to work on. More specifically, we plan to look into computational efficiency and scalability issues, some aspects of ontology checking and maintenance, and spatio-temporal reasoning
Ontology Checking and Maintenance
As a SaR operation unfolds, the ontology gets populated by various sources, some reliable (e.g. the application that the officer-in-charge uses to assign arriving units to subsections) and some not (e.g. the information extraction module that processes voice and video transmissions). Faulty data can be caught (and, possibly, corrected) if they create an inconsistency, in which case the inconsistency will be resolved in favour of the more reliable source. In this manner, feedback can also be provided to the module that is responsible for the inconsistency, so that the latter can improve its performance over time.
In cases where multiple sources corroborate towards accepting or rejecting multiple pieces of information, the problem of deciding which to accept as most reliable (and, inversely, distribution of responsibility in order to provide feedback) becomes a non-trivial problem. This problem has been approached in various domains [15, 16, 17] but not in the domain of responsibility distribution among multiple information extraction sources.
Another maintenance task that the reasoner can take over is to specialise the concept an instance falls under, based on the instance's properties. For example, let us suppose that we have created an instance of the class Officer and that we have assigned an instance of the class Section as value to the property 'is in charge of'. The classification process can infer that the instance, in fact, belongs to the subclass B-Level Officer, because we have previously defined that only B-Level Officers can be in charge of sections.
Operation Planning and Evaluation
The other interesting direction we plan to pursue is spatio-temporal representation and reasoning for the purposes of operation planning and evaluation. At this point, the ontology models only the current situation, with a limited temporal Event ontology. Unit positions and structural changes (e.g. deployment re-assignments) are not logged but simply updated.
In order to allow for the representation of all the phases of the operation, the Event ontology will be expanded. Furthermore, in order to utilise this extra information, the ODS will be fitted with a reasoning engine that supports spatio-temporal reasoning. Spatio-temporal reasoning could be applied to cases where we don't have precise, quantitative information about space and time, but only qualitative relationships between instances. Constraint-satisfaction spatiotemporal reasoning can be applied in these cases in order to effectively query the Knowledge Base [18, 19] .
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